Abstract Staphylococcus aureus is a notorious pathogen highly successful at developing resistance to virtually all antibiotics to which it is exposed. Staphylococcal phage 2638A endolysin is a peptidoglycan hydrolase that is lytic for S. aureus when exposed externally, making it a new candidate antimicrobial. It shares a common protein organization with more than 40 other reported staphylococcal peptidoglycan hydrolases. There is an N-terminal M23 peptidase domain, a mid-protein amidase 2 domain (N-acetylmuramoyl-L-alanine amidase), and a C-terminal SH3b cell wall-binding domain. It is the first phage endolysin reported with a secondary translational start site in the inter-lytic-domain region between the peptidase and amidase domains. Deletion analysis indicates that the amidase domain confers most of the lytic activity and requires the full SH3b domain for maximal activity. Although it is common for one domain to demonstrate a dominant activity over the other, the 2638A endolysin is the first in this class of proteins to have a high-activity amidase domain (dominant over the N-terminal peptidase domain). The high activity amidase domain is an important finding in the quest for high-activity staphylolytic domains targeting novel peptidoglycan bonds.
Introduction
Staphylococcus aureus is a notorious pathogen with a high capacity for resistance development. Resistant S. aureus strains exist to virtually every known antibiotic. Endolysins help nascent phage escape their host by degrading peptidoglycan, the major structural component of bacterial cell walls. Phage and host have co-evolved such that, for those species examined, no endolysin-resistant host strains have been identified despite efforts to find them (Fischetti 2005) , putting phage endolysin antimicrobials in a class that is highly refractory to resistance development. Our lab is interested in identifying staphylococcal endolysins that might serve to stem the tide of S. aureus-resistant strain development. To ensure our antimicrobials are refractory to resistance development, we have created fusion antimicrobials with three active lytic domains (Donovan et al. 2009 ), in the belief that rarely can a bacterium evade three unique, simultaneous, synergistic lytic activities. To identify novel domains, we recently collated the SH3b cell wall-binding domain containing staphylococcal peptidoglycan hydrolases (Becker et al. 2009b ) from public datasets, including many with dual lytic domains. In as far as amino acid sequence can alter protein properties or affinities, the 2638A endolysin was of interest as a poorly conserved member of the SH3b-containing endolysins (<50 % identity) and thus potentially harboring novel sequences that might convey antimicrobial activity in diverse environments.
Phage endolysins are known to be modular in structure (Diaz et al. 1990; Garcia et al. 1990; Donovan et al. 2006a) , and there are numerous examples where single domains are functional without the need for the second lytic domain or the cell wall-binding domain (Becker et al. 2009a; Donovan et al. 2006c; Donovan et al. 2006b ). It is important to demonstrate "lysis from without" for each lytic domain when considering them as potential antimicrobials. Toward this end, we isolated the 2638A gene, created deletion constructs to isolate each lytic domain, expressed the constructs in Escherichia coli, and analyzed the purified proteins for relative antimicrobial potential.
Materials and methods

Plasmids and mutagenesis
The phage 2638A endolysin gene was isolated from S. aureus 2854 (HER 1283; University Laval, Quebec, Canada) genomic DNA using PCR (primers described in Table 1 ). The resultant fragment was subcloned into pET21a (Novagen) E. coli expression vector on NdeI and XhoI restriction enzyme sites (construct 2638A 1-486; Fig. 1 ), expressed, and purified from strain BL21 (DE3) essentially as described previously (Becker et al. 2009a) . Seven deletion constructs were created via PCR cloning technology in pET21a (conferring a Cterminal 6 X His tag) as described previously (Becker et al. 2009a ) using primers in Table 1 ( 2638A 1-196; 2638A 1-220; 2638A 1-244; 2638A 1-220::355-486; 2638A 1-411; 2638A 139-411; 2638A 139-486) . A four-primer PCR site-directed mutagenesis protocol utilizing the primers 2638a CTC 180 mutant F, 2638a CTC 180 mutant R, 2638 NdeI-1 F, and 2638 XhoI-486R (Table 1) was performed as described previously (http://www.csun.edu/~hcbio027/ biotechnology/lec5/lec5.html). The PCR fragment harboring the mutation was subcloned into pET21a. All constructs were sequence-verified.
Strains
Staphylococcal strains used included methicillin-resistant S. aureus (MRSA) strain (CSA #175, SRCAMB collection), S. epidermidis (ATCC 14990), S. aureus Strain Newman (ATCC 25904), a gift from Jean Lee, Channing Lab, Brigham and Women's Hospital, Boston, MA), and S. aureus strain NRS119 (NARSA; Network on Antimicrobial Resistance in S. aureus).
Recombinant protein expression and purification
For protein expression, E. coli B21 (DE3) (EMD Biosciences) cultures harboring pET21a expression vectors were grown at 37°C in Luria-Bertani broth with ampicillin (100 μg/ml) to an OD 600 nm of 0.4-0.6, on ice for 30 min., induced with 1 mM isopropyl-b-D-thiogalactopyranoside and grown at 10°C for 18 h. Harvested E. coli were lysed via sonication and 6×His-tagged proteins isolated via nickel-chromatography Ni-NTA (Qiagen, Valencia, CA) as described previously (Donovan and Foster-Frey 2008; Becker et al. 2009 ).Wash and elution profiles were 10 ml of 10 mM imidazole, 20 ml of 20 mM imidazole, and elution with 0.5 ml of 250 mM imidazole in the same phosphate-buffered saline (PBS) (50 mM NaH 2 PO 3 , 300 mM NaCl, pH 8.0) with 30 % glycerol and filter sterilized. Sterilized protein preparation was stored at 4°C until the time of assay.
SDS-PAGE and zymogram analysis
Using 15 % SDS-PAGE, 5 μg of each purified proteins and Kaleidoscope protein standards (Bio-Rad) were analyzed with or without 300 ml equivalents of mid-log phase S. aureus cells (OD 600 nm of 0.4-0.6). The SDS-PAGE and zymogram were run simultaneously. SDS gels were Coomassie stained. Zymograms were soaked in excess water for 1 h and incubated at room temperature in PBS, resulting in areas of clearing in the turbid gel identifying a lytic protein.
Plate lysis assay Plate lysis assays were described previously (Donovan and Foster-Frey, 2008; Becker et al. 2009 ). In brief, purified proteins for each construct were filter sterilized and diluted in sterile PBS buffer with 30 % glycerol. Ten microliters containing 10, 1, or 0.1 μg of test protein were spotted onto a freshly spread lawn of mid-log phase (OD 600 nm~0 .4-0.6) of either S. aureus cells that had air-dried for 10 min on tryptic soy agar plates. Spotted plates were air-dried in a laminar flow hood (10 min), and incubated overnight at 37°C. Cleared spots were scored within 20 h of plating.
Turbidity reduction assay
Turbidity reduction assays were performed as described previously in a 96-well dish format using frozen viable S. aureus strain Newman cells as substrate (Becker et al. 2009b) . In brief, substrate cells were added to enzyme dilutions in buffer so that the initial OD 600 nm of the suspension in a total volume of 0.2 ml equaled 1.0, and OD 600 nm was determined every 20 s for 5 min by a 96-well plate reader. Peaks in ΔOD (i.e., the steepest slope of the resulting lysis curve) were determined by a sliding 40-s window, and reported results are within the linear range of the assay. Results are presented as specific activities (ΔOD 600 nm /μM/min).
Results
The 486-amino acid phage 2638A endolysin (Genbank Accession number AAX90995) harbors an N-terminal M23 peptidase domain (http://pfam.sanger.ac.uk/family?acc0PF01551), a mid-protein amidase 2 domain (N-acetylmuramoyl-Lalanine amidase; http://www.ebi.ac.uk/QuickGO/GTerm? id0GO:0008745), and a C-terminal SH3b_5 (SH3b) (http:// pfam.sanger.ac.uk/family/PF08239) cell wall-binding domain ( Fig. 1 construct 2638A 1-486).
Deletion analysis reveals a co-purifying shadow band SDS-PAGE analysis revealed >90 % purity of the resultant purified proteins, except for five of the constructs that Zymograms are not usually interpreted quantitatively (especially since these were loaded with μg equivalents and not molar equivalents of enzyme) but rather are used to indicate that the minor contaminating bands in the preparations are not contributing to the activity of the preparation. There was virtually no activity from any of the minor (non-shadow) bands in the zymogram assay after extended periods. However, the presence of nearly equal amounts of the active shadow band (from stained SDS gel) in many preparations negated the ability to quantify the activity from either the isolated amidase domain (2638A 139-411; 2638A 139-486) or the full-length construct.
Protein sequencing identifies the N-terminus of the shadow band
In order to identify the source of the shadow band, it was extracted from the SDS gel (from the full-length construct 2638A 1-486 sample) using standard methods and commercially subjected to six cycles of Edman degradation Nterminal protein sequencing (M-SCAN, West Chester, PA). The amino acid sequence obtained was MKHIYS. The last five residues of KHIYS matched perfectly the residues at position 181-184 of the full-length 2638A endolysin protein (Fig. 2) , which was consistent with the predicted size of the shadow band from the SDS-PAGE (~37 kD). The Nterminal methionine residue matched the predicted amino acid sequence of a protein expressed from a secondary translational start site (TTG) at residue 180 thru 486 (36.3 kD), of the published DNA sequence. Codon 180, TTG, is a known translational start codon in E. coli (Blattner et al. 1997 ) that is present in 2 % of E. coli genes (Starmer et al. 2006 ). There was not a canonical E. coli Shine-Dalgarno (SD) ribosome binding site (UAAGGAGGU) in the 2638A gene sequences immediate upstream of codon 180, but there is a region of similarity to the 3′ end of the E. coli 16 S ribosomal RNA sequence (Fig. 2a ) located within the 5-13 nt pre-cistronic spacing between the SD and translational start codon considered optimal for expression in E. coli (Chen et al. 1994 ). These lines of evidence suggested that the TTG codon 180 encoded a translational start site. To test this secondary translational start site hypothesis, a construct with two silent mutations was created where the TTG codon 180 was altered through site-directed mutagenesis to an alternative (CTC) codon that still codes for leucine but did not resemble a translational start site (construct 2638A 1-180Mut-486; Fig. 1 ; illustrated in Fig. 2b ). The resultant construct (2638A 1-180Mut-486; Fig. 1 ) does not have a shadow band in either the SDS or zymogram gels, making it very likely that our alternative translational start-site hypothesis was correct. The single lytic protein product from this construct allowed us to quantify the activity of the fulllength 2638A endolysin. In order to test the activity of the amidase domain (+ SH3b) construct in the absence of the contaminating shadow band protein, we created a construct via PCR cloning that initiated at codon 180 (2638A 180-486; Fig. 1 and described in Fig. 2a ). In the SDS-PAGE (Fig. 1) , this construct expressed a single major protein band as predicted, and none of the minor contaminating bands contributed to any activity in the zymogram analysis.
Lytic activity of the 2638A endolysin on live staphylococci Staphylolytic activity was further characterized with two quantitative peptidoglycan hydrolase assays, turbidity reduction, and plate lysis. It is apparent from the zymogram analysis ( Fig. 1 ) that both the M23 peptidase and the amidase domains are enzymatically active on SDS treated S. aureus cells. However, in turbidity reduction assays (Fig. 3) , the M23 peptidase domain isolating constructs show minimal activity (2638A 1-196, 2638A 1-220, 2638A 1-244) on live, non-SDS-treated S. aureus cells. The full-length SH3b domain does not seem to enhance the activity of the M23 peptidase domain (2638A 1-220::355-486), but it appears essential to the activity of the amidase domain, as indicated by the low activity of the 2638A 139-411 construct with a full amidase but truncated SH3b domain. Lytic activity is also minimal for the 2638A 1-411 construct (M23 peptidase + amidase) dual domain construct lacking the full length SH3b domain. These results were verified in a second strain of S. aureus BAC170190 (data not shown). Only in those constructs where there is a full-length SH3b and amidase domain is there appreciable activity (2638A 139-486, 2638A 180-486, 2638A 1-180Mut-486) . The amidase domain appears to be contributing the majority of the lytic activity. However, the turbidity reduction assay results indicate that the parent fulllength construct (2638A 1-486), including its shadow band, shows the highest activity in the turbidity reduction assay (Fig. 3 ) of all constructs. The exact ratio of shadow band/ full-length construct is unknown as they are produced and purified simultaneously in the nickel column purified preparation. Protein sequence analysis described above indicates that the shadow band produced by the full-length construct (2638A 1-486) is the same protein as produced by construct 2638A 180-486. It was reasoned that the protein mixture might be the source of the enhanced activity. To test this hypothesis, a series of mixing experiments were performed where defined molar ratios of both the repaired full-length construct (2638A 1-180Mut-486) and the 2638A 180-486 amidase construct were added in the turbidity reduction assay in an effort to mimic the ratio of full length to shadow band produced by the parent construct (2638A 1-486). Although it is impossible to know the exact concentration of the full length and shadow band in the 2638A 1-486 construct, 0.5 μM of the full length repaired construct corresponds to 5.7 μg of protein in a volume of 200 μl. Thus 5.7 μg of the full length + shadow band was used in the turbidity reduction assay for comparison. Molar ratios of 1:1, 1:3, and 3:1 (2638A 1-180Mut-486 repaired : 2638A 180-486 amidase), performed at room temperature (Fig. 3) and even after heating the mixtures to 42°C for 1 h (to potentially allow heterodimer formation; data not shown) did not yield activity levels that approached the naturally occurring double band product produced by 2638A 1-486.
There was weak turbidity reduction activity from the 2638A 1-486 parental construct on MRSA strain (CSA #175, SRCAMB collection) and no activity on S. epidermidis (ATCC 14990) (data not shown).
The plate lysis assay results on live cells (Fig. 3) agree with the turbidity reduction assay. Each of the M23 peptidasedependent or SH3b-truncating constructs show weak activity on S. aureus strain NRS119 (Network on Antimicrobial Resistance in S. aureus). In addition to the plate lysis Fig. 3 , we have also examined 22 other staphylococcal strains that show susceptibility to the 2638A endolysin lytic activity (data not shown). However, the plate lysis results with the 2638A endolysin constructs are extremely novel in appearance. Plate lysis results are routinely visualized as a discrete cleared spot on a lawn of bacteria that remains that way for days or weeks, as seen for Lysostaphin in Fig. 3 . In contrast, the 2638A results never show a discrete spot, rather there is a very broad, ill-defined region of clearing that grows with time, up to 4 days, suggesting that the enzyme is still active for 4 days and has a heightened diffusion in the media compared to other peptidoglycan hydrolases.
Discussion
The staphylococcal phage 2638a endolysin is one of many staphylococcal endolysins with a peptidase-amidase-SH3b protein architecture (Becker et al. 2009b) . It is highly lytic for S. aureus in turbidity reduction, zymogram, and plate lysis assays. It is the only staphylococcal endolysin reported with a secondary translational start site located in the interlytic-domain region.
The finding that the 2638A amidase domain is highly active and the M23 peptidase domain appears nearly inactive is unexpected and in direct opposition to the results of studies with similar proteins, e.g., the staphylococcal LysK (phage K endolysin) and phage phi11 endolysin. Despite a nearly identical protein organization in all three proteins (peptidase-amidase-SH3b), the LysK amidase domain was virtually inactive in constructs where it was isolated, although it was shown to be active in the context of the whole protein (Becker et al. 2009a) . Similarly, the phi11 endolysin amidase domain was virtually inactive when isolated in a deletion construct (Sass and Bierbaum, 2007) . In contrast, the cysteine, histidine-dependent amidohydrolases/peptidases (CHAP) endopeptidase (Bateman and Rawlings, 2003; Rigden et al. 2003 ) domain isolating constructs from both the phi11 endolysin (Sass and Bierbaum, 2007; Donovan et al. 2006c ) and LysK (Horgan et al. 2009; Becker et al. 2009a ) demonstrate strong lytic activity. Despite readily observed zones of clearing in the zymogram (Fig. 1) , the 2638A M23 peptidase domain constructs show very little to no activity in the turbidity reduction or plate lysis assays (Fig. 3) . Although confounding, it has been reported that the same enzyme when tested in multiple staphylococcal peptidoglycan hydrolase assays can yield very different quantitative results (Kusuma and Kokai-Kun, 2005) . There are numerous unique constructs of the 2638A M23 peptidase domain that extend into the amidase domain, reducing the likelihood that the low activity of the peptidase domain is due to cutting the domain sequences too short and inadvertently clipping off essential domain sequences required for activity. In fact, it is often the shorter deletion constructs that favor endolysin domain lytic activity as has been shown for staphylococcal LysK constructs (Horgan et al. 2009; Becker et al. 2009a ) and streptococcal PlyGBS vs. B30 endolysin constructs (Cheng and Fischetti, 2007; Donovan et al. 2006b ) where specific (shorter) CHAP harboring constructs show higher lytic activity than slightly longer constructs.
There are similar levels of expression in the SDS-PAGE (Fig. 1) for the predicted full-length construct and associated shadow bands for four of the constructs (2638A 1-486, 2638A 1-411, 2638A 139-411, and 2638A 139-486) where the inter-domain sequences included codon 180 (the secondary TTG translational start site). It was unexpected that expression from the parental pET21a ATG translation start site (commercially optimized for expression with a near consensus E. coli SD sequence AGGGAG), would be at a level similar to that of the codon 180 (with a poorly used TTG translational start site and poorly conserved SD sequence (Fig. 2) ). However, it should be remembered that this expression is from a high copy (~40/cell) plasmid and thus expression levels might be near the upper limit of expression possible, such that the expected differences are masked. The construct where the inter-domain region did not yield high shadow band expression levels (2638A 1-220::3256-486 (Fig. 1) ) might have problems achieving a stable tertiary structure in the shadow band resulting in the shadow protein being unstable, or sequestered in inclusion bodies and unavailable via our native protein isolation procedures.
Another confounding result in this study is that in the turbidity reduction assay, the parent construct 2638A 1-486 (contaminated with the shadow band) shows almost twice the activity of either the repaired full-length construct 2638A 1-180Mut-486 or the engineered amidase + SH3b construct 2638A 180-486. It was hypothesized that there might be an interaction (e.g., dimerization) between the full-length enzyme and the naturally occurring shadow band 2638A 180-486 that yields this higher activity. The results of the mixing reactions where the repaired full length was mixed with the engineered amidase + SH3b construct (Fig. 3) indicate no higher activity level in our spiked assays, although this does not exclude dimerization that might occur during co-synthesis from the same mRNA. There was no apparent classical Pribnow-Gilbert -35 or -10 promoter consensus sequence (TTGACA -17-TATAAT) in the upstream sequences, suggesting a bicistronic mRNA, rather than a secondary interlytic domain promoter element.
The presence and use of the codon 180 TTG secondary translational start site in this E. coli system begs the question of whether or not this codon 180 translational start site is functional in S. aureus. Our results do not address this question, but one study suggests that TTG translational start
